Background--Malondialdehyde (MDA) is generated during lipid peroxidation as in oxidized low-density lipoprotein, but antibodies against oxidized low-density lipoprotein show variable results in clinical studies. We therefore studied the risk of cardiovascular disease (CVD) associated with IgM antibodies against MDA conjugated with human albumin (anti-MDA).
C ardiovascular disease (CVD) is a leading cause of death and morbidity worldwide. The main underlying cause of CVD is atherosclerosis, which is characterized by activated immune-competent cells, foam cells filled with oxidized lowdensity lipoprotein (OxLDL), and dead cells in the arterial atherosclerotic lesions. 1, 2 An important role of the immune system in atherosclerosis is implicated by pivotal studies in animal models demonstrating that immunization can influence atherosclerosis. For example, OxLDL decreased 3 while heat shock proteins 60/65 increased atherosclerosis when used as antigens for immunization. 4 It has been described earlier that malondialdehyde (MDA)-modified LDL is scavenged by monocytes/macrophages in atherosclerotic plaques and thus could play a role in atherogenesis. 5 One dominant epitope in MDA-protein adducts is acetaldehyde, which forms stable dihydropyridine (4-methyl-1,4-dihydropyridine-3,5-dicarbaldehyde), which in turn modifies ubiquitous and essential amino acid lysine to a stable product that is implicated in atherosclerosis and other inflammatory conditions. 6 There is a need for novel CVD risk and protection markers, especially factors that account for aspects of inflammation and immunity, since traditional risk factors such as age, male sex, hypertension, hyperlipidemia, smoking, and diabetes mellitus do not account for this. Among emerging and/or nontraditional risk markers, high-sensitivity C-reactive protein (hsCRP) and IL-6, which both exhibit high sensitivity, have been discussed intensively. 7 However, the volatility of these measures may pose a limitation for clinical usefulness at the individual level. 2, 8, 9 Other emerging risk markers include
OxLDL measures 10 and LDL-PLA2. 11 Among immunological risk markers, several autoantibodies have been studied in many reports, especially against various epitopes from oxidized LDL (including MDA, apoB100, and those arising from copper ion oxidation). Currently the evidence is conflicting, with antibodies against such compounds being described as both risk and protection markers in studies performed. 2 We have demonstrated that antibodies against phosphorylcholine conjugated with albumin are negatively associated with atherosclerosis development, CVD, and also autoimmune disease. 2 We focus here on the MDA epitope, conjugated with human serum albumin and not with OxLDL-related carriers.
We studied the role of IgM anti-MDA in a large prospective cardiovascular study, the cohort of 60-year-old men and women from Stockholm (60YO) and characterize the antibodies. The implications of the findings are discussed.
Methods Subjects
The 60YO is a large prospective cardiovascular study described in detail elsewhere. 12 Briefly, from July 1, 1997 to June 30, 1998 , every third man and woman living in a part of the County of Stockholm, Sweden, reaching the age of 60 years, was invited to participate in a health screening for CVDs. In total, 4232 subjects (2039 men and 2193 women; response rate 78%) participated in the study. Information on sociodemography, lifestyle habits, medication, and previous diseases and hospitalizations was obtained by a self-administered questionnaire. Physical examination including blood pressure measurements, anthropometry, and ECG was performed. Serum, plasma, and whole blood were collected for storage in a biobank (À80°C). Details of the screening procedure have been described elsewhere. 12 The study was approved by the Karolinska Institutet research ethics committee and is in accordance with the Declaration of Helsinki. All subjects gave informed consent before entering the study.
A Nested Case-Control Design
To record incident cases of first CVD, new events of coronary heart disease, defined as fatal and nonfatal myocardial infarction (MI) and ischemic stroke and hospitalization for angina pectoris, were registered. The study base of 4232 subjects was matched with the national cause-of-death registry (fatal events until December 31, 2003) Determination of IgM Antibodies Against MDA With ELISA IgM antibodies to MDA were determined by ELISA essentially as described. 13 Serum from a donor with an anti-MDA level above median level was used as internal standard and tested on every plate. The plateau of antibody binding was reached with the antigen concentration of 10 lg/mL. Nunc Immuno microwell plates (Thermo Labsystems, Franklin, MA) were coated with MDA (conjugated with human serum albumin as described above). Coated plates were incubated overnight at 4°C. After 5 washings with PBS, the plates were blocked with 2% BSA-PBS for 90 minutes at room temperature and washed as described above. Serum samples were diluted (1:200) in 0.2% BSA-PBS and added at 50 lL/well.
Plates were incubated at room temperature for 2 hours and washed as described above. Biotin-conjugated goat antihuman IgM (diluted 1:22 000 in the 1% BSA) was added at 100 lL/well and incubated at room temperature for 2 hours. After 4 washings, the plate was incubated with horseradish peroxidase conjugated streptavidin (diluted 1:6000) (Thermo Scientific, Denmark) at 100 lL/well for 20 minutes. The color was developed by adding the horseradish peroxidase substrate, TMB (3, 3 0 ,5,5 0 -tetramethylbenzidine; Sigma Aldrich, MO), at 100 lL/well and incubating the plates for 8 minutes at room temperature in the dark. Further reaction was stopped with stop solution (Sigma Aldrich, MO) at 50 lL/ well. Finally, plates were read in an ELISA Multiscan Plus spectrophotometer (Spectra Max 250; Molecular Devices, CA) at 450 nm. All samples were measured in duplicate within a single assay and the coefficient of variation between the duplicates was below 15%. In order to investigate the specificity of IgM anti-MDA, competition assays were performed. At a dilution giving 50% of maximal binding to anti-MDA, sera were preincubated with different concentrations of MDA overnight in glass tubes. After vortexing, the tubes were incubated at 4°C overnight and centrifuged at 15100 g for 30 minutes (4°C). The supernatants were tested for antibody binding to MDA as described. The method demonstrated competition above 60% (data not shown), similar to the method we described previously. 13, 14 The percentage of inhibition was calculated as follows:
%inhibition ¼ðOD without competitorÀ OD with competitorÞ=OD without competitor Â 100
Extraction of Anti-MDA From Human IgM
IgM anti-MDA was extracted according to previously described protocol. 13 In short, MDA-human serum albumin, 1.5 mg/mL, was coupled to a HiTrap NHS column (GE Healthcare, Sweden). Human IgM (Sigma Aldrich, Israel) was passed through an MDA-human serum albumin Sepharose column. Unbound IgM considered as non-anti-MDA (flow through, FT) was collected by washing the columns with binding buffer. After washing steps with binding buffers, bound anti-MDA-IgM was eluted with 0.1 mol/L glycine-HCl elution buffer. Further eluted antibodies were desalted in PD-10 columns (GE Healthcare, UK) and concentrated by a Centriprep centrifugal filter (Millipore, Ireland). After filtration through a 0.22-lm filter (Sarstedt, Germany), extracted antibodies were stored at À20°C.
Anti-MDA and Non-Anti-MDA IgM Protein and Peptide Characterization
Samples from 3 anti-MDA extractions were digested in duplicates at 2 occasions and run individually and in pools. The results (ie, n=6/sample) were then combined and statistically compared according to the original anti-MDA (n=3) and FT (non-anti-MDA, n=3) extractions. Anti-MDA and non-anti-MDA (FT) IgM samples (10 lg) were reduced with 20 mmol/L dithiothreitol for 30 minutes at 56°C and alkylated with 66 mmol/L iodoacetamide for 30 minutes in the dark. Trypsin was added at a ratio of 1:30 (enzyme:protein) and the proteins were digested at 37°C overnight. Tryptic peptides were desalted using C18 StageTips (Thermo Scientific), dried in a SpeedVac, and resuspended in 0.1% formic acid and 1% acetonitrile. As previously described, 15 samples were injected onto a reversed-phase 15-cm column (PepMap, C18, 3 lm, 100 A) in 1-lg aliquots using a nano-liquid chromatography system Ultimate 3000 connected to a Fusion Orbitrap mass spectrometer (both-Thermo Fisher Scientific). Briefly, survey mass spectra were acquired in the range of m/z 300 to 1700 with a nominal resolution of 120 000. Precursor ion selection for high-energy collision dissociation and electron-transfer dissociation fragmentation was performed in the "top speed" mode on monoisotopic ions with the most intense precursor priority and with a minimum intensity of 50 000. Prior to de novo sequencing, MS/MS spectra were first searched against a human reference proteome (February 2014, 89 027 UniProt protein sequences). Morpheus (v.165) was used as a search engine, applying the criteria: up to 2 missed tryptic cleavages, 10 and 20 ppm mass tolerances for precursor and fragment peaks, respectively, carbamidomethylation of cysteine as fixed modification, and oxidation of methionine, deamidation of asparagine and glutamine as well as acetylation of protein Nterminus as variable modifications. Peptide sequences with a <1% false discovery rate were excluded. The remaining data underwent de novo sequencing using pNovo+ (v.1.3) 15 via a limited precursor mass range of 700 to 4000 Da, oxidized methionine as an independent residue, and mass tolerance set at 5 ppm for precursors and 15 ppm for fragments. Up to 9 top sequence candidates were generated for each high-energy collision dissociation-electron-transfer dissociation MS/MS pair. These candidates were homology-searched against the UniProt protein database using BLASTp. Since leucine (Leu/L) and isoleucine (Iso/I) were difficult to distinguish in de novo sequencing, all isoleucine residues (I) in the protein sequence database were converted to leucine (L). The match with the highest BLAST score was reported as the final sequence for a given high-energy collision dissociation-electron-transfer dissociation spectral pair. Raw mass spectrometry data were processed through the DeMix-Q workflow 16, 17 in which MS/MS spectra were matched against the database combining the de novo sequenced and known peptides and using the Morpheus search engine with the same parameters as described above. Peptide abundances were reported as the summed integrals of ion currents from all charge states. Assignment of de novo sequenced peptides to complement determining regions (CDR) and framework regions were based on Uniprot information and by using the VBASE sequence directory (Tomlinson et al, MRC Centre for Protein Engineering, http://www2.mrc-lmb.cam.ac. uk/vbase/alignments2.php).
The abundances of IgM peptides were normalized so that the total abundance was the same (100%) in all samples.
Statistical Analysis
Various data analyses including demographic biochemistryand anthropometry-related were performed for cases and controls, respectively, with values expressed as meanAESD for normally distributed parameters and medians (ranges) for parameters that were not normally distributed after logarithmic transformation. Statistical differences between cases and controls were evaluated through parametric tests. Odds ratios (OR) with 95% CI were calculated applying conditional logistic regression with anti-MDA levels divided into 7 percentiles as indicated. For the analyses of specific percentiles, the remaining values formed the reference. Analyses were run crude or adjusted for traditional risk factors as indicated. These analyses were performed using SAS 9.4 release (SAS Institute, Cary, NC).
Differences between anti-MDA and non-anti-MDA IgM peptides were tested using 2-tailed Student t test with equal or unequal variance depending upon F-test. For all statistical analyses, a P<0.05 was considered significant. Principal component analysis and Orthogonal Projections to Latent Structures Discriminate Analysis were performed using SIMCA 14.0 (Umetrics, Ume a, Sweden) following mean centering, log scaling, and unit variance scaling.
Results

Clinical Associations
We identified 211 incident cases of first CVD events throughout the follow-up period (77 with MI, 85 with angina pectoris, and 49 with ischemic stroke). For each incident case, 3 age-and sexmatched controls were selected (633 controls in total). Serum samples were missing for 2 cases and 13 controls, leaving 209 cases and 620 controls for analyses.
As previously reported in a similar dataset, 18 there were more hypertensives and smokers among the cases than controls and a trendwise higher body mass index. Blood pressure level, high-density lipoprotein, and high-sensitivity Creactive protein were associated with risk among cases as compared to controls ( In general, similar associations were noted when we did not control for confounders (Table 2 ). When divided into stroke or MI/angina, associations did not reach statistical significance for stroke, where there were only 46 cases; still, OR at high levels of anti-MDA was low, above 66th percentile OR 0.27, CI 0.07 to 1.04 and above the highest 75th percentile-OR 0.20, CI 0.04 to 1.03.
When restricting the outcome to MI/angina, in the whole group, values below the 10th and 25th percentile, respectively, were associated with increased risk: OR 1.70, CI 1.11 to 2.60 and OR 2.19, CI 1.23 to 3.91, respectively. Significant associations were absent among women, but were found when men were analyzed separately. At low levels, below 10th, 25th, and 33rd percentile, the risk was increased: OR 2.73, CI 1.36 to 5.46, OR 1.98, CI 1.20 to 3.29, and OR 1.82, CI 1.12 to 2.94, respectively. High levels, above 66th percentile, were associated with a significantly decreased risk: OR 0.58, CI 0.34 to 0.97.
Characteristics of Polyclonal Anti-MDA IgM Variable Region
In total, 2429 peptide sequences were identified in quantifiable amounts in the LC-MS/MS peptide sequencing experiments ( Figure 1 ). Of these peptides, 1061 were derived via de novo sequencing and 738 showed distinct sequence homology with the variable regions. It is noteworthy that approximately only 20% of all characterized peptides were found in the anti-MDA samples compared to the non-anti-MDA FT (Figure 1) . One likely reason for this is that the anti-MDA IgM are more homologous among themselves compared to the FT. However, it was also observed that the anti-MDA samples generally contained less IgM conserved chain peptides. Thus, to adjust for concentration differences, we normalized the peptide abundances in samples to peptides that were identified in anti-MDA samples, with or without their identification in FT. Furthermore, of these peptides we herein focus on the peptides that showed sequence homology to the IgM variable regions (n=147). Note that if the complete FT variable region profile is included (n=738), the results (comparing anti-MDA and FT) will be similar, with an increased difference between the IgM pools ( Figure 1) . Overall, fewer lambda chains were identified in the anti-MDA samples. In comparison of the distributions of identified lambda variable (LV), kappa variable (KV), and heavy variable (HV) chains, the distribution of LV (lower, P=0.03) and KV (higher, P=0.03) chains were significantly different in anti-MDA compared to FT (Figure 2A) . Interestingly, one HV CDR3 peptide sequence (identified via peptides END-NKFSFDYWGQGTLVTVSSASTK and FSFDYWGQGTLVTVS-SASTK), and one KV CDR2 peptide sequence (identified via peptides ASTLQSGVPSR and LLLYAASTLQSGVPSR) were significantly elevated (P=0.01 and 0.001, respectively) in the anti-MDA samples ( Figure 2B ). Additionally, heavy and kappa chain region sequences were also elevated in the anti-MDA IgM profile, particular the framework sequences (Figure 2B ). The differences between the anti-MDA and FT HV-, KV-, and LV-chain profiles (n=147) were further confirmed by multivariate statistics. The Principal component analysis model distinctly separated anti-MDA and FT along the first component t [1] , (R 2 =0.59, Q 2 =0.37), which signifies that the anti-MDA and FT variable region profiles are indeed distinctly different ( Figure 3A) . Moreover, when extracting out the peptides that were most prominently contributing to these differences (using Latent Structures Discriminate Analysis-DA modeling with 95% CI, Figure 3B ), it is evident that the anti-MDA profile is more homologous in its content (ie, correlates strongly with fewer peptides, n=11) compared to the heterogeneous FT, which is correlating with high confidence with a majority of the rest of the peptides (n=71). Note that in reality the FT samples are even more heterogeneous since the MVA analysis only included the peptides that were found in the anti-MDA and excluded the %600 additional variable region peptides that were only found in the FT.
Discussion
We here report that IgM antibodies against MDA bound to human albumin are significantly decreased in the 60-year-olds who develop CVD within a 5-year follow-up. Furthermore, having low IgM anti-MDA levels (below 10th percentile) was associated with a 2-fold increased risk of CVD within 5 years, which was also the case at the lowest 25th percentile. Levels of IgM anti-MDA above the 66th percentile were associated with a reduced risk of CVD. These associations were independent of other traditional risk markers. Interestingly, when women and men were analyzed separately, it became apparent that the properties of IgM anti-MDA as a protection marker were only present in men. Those in the lowest decile had a 2.5-fold increased risk and those in the highest had a 3-fold protection. There were fewer women among the cases, which is in line with the lower age-adjusted risk for women to develop CVD, which may result in insufficient power to detect an association.
Modifications of LDL, leading to generation of different epitopes simultaneously, involve oxidation or enzymatic changes by somewhat different methods that all could be relevant for atherosclerosis, where lipid peroxidation and production of inflammatory factors as lysophosphatidylcholine. 2 In general, studies of antibodies against different forms of OxLDL and their role in atherosclerosis and CVD are conflicting, and anti-OxLDL-related antibodies have been described as either risk or protection markers or not being markers associated with CVD at all. 2 In the first published study on anti-OxLDL in the CVD field where MDA-modified LDL was used, a positive independent association with atherosclerosis development was reported. 19 In other previous studies, anti-OxLDL was associated with peripheral vascular disease, 20 development of MI, 21, 22 and angiographically verified coronary artery disease. 23 These findings were in line with animal studies, where strongly increased anti-OxLDL levels in LDL receptor-deficient mice with increased atherosclerosis were reported. 24 In other cross-sectional studies from the 1990s, neither significant association with coronary stenosis or CVD, 25, 26 nor prediction of CVD longitudinally 27 were noted.
We reported for the first time, using 2 different methods, a negative association in CVD with borderline hypertension, thus implicating anti-OxLDL as protection markers in humans. 28 This finding is more in line with important animal experiments where (MDA-modified) OxLDL was associated with ameliorated atherosclerosis development, 3 a result confirmed in several subsequent studies. 2 In line with this, anti-OxLDL was reported to have atheroprotective association in another interesting study. 29 Furthermore, we reported that MDA-modified LDL-like antibodies (against phosphorylcholine and against oxidized LDL 14 ) were a significant protection marker for development of atherosclerosis among hypertensives, 14 a finding in line with a report from another group. 30 Even though it appears that several studies lately favor the notion that anti-OxLDL (including anti-MDA LDL) are protection markers, a recent study indicates that anti-OxLDL (MDAmodified) was associated with increased risk and was also a marker of LDL-oxidation. 31 One approach is to focus on the smaller parts of modified LDL as the protein apoB-100 or peptides from apoB-100, with or without MDA modification. Of note, not only lipids are oxidized during LDL oxidation, but apoB-100 can also be oxidatively modified. In 1 study, the native apoB-100-peptide was a protection marker (which was not the case when MDA-modified). 32 In another study, where the apoB-100 sequences were studied systematically, MDA- modified apoB100-peptides were risk markers for both atherosclerosis and development of CVD with median time from blood sampling to coronary event being as short as 2.8 years. 33 Another caveat with antigens in OxLDL, which could play a role in studies where they are risk markers, is that anti-OxLDL cross-reacts with anti-cardiolipin antibodies. 34 These antibodies are known to be thrombogenic in autoimmune diseases, especially systemic lupus erythematosus (SLE) and antiphospholipid antibody syndrome, 35 but are not associated with atherosclerosis in SLE, only thrombosis. 36 Anti-cardiolipin antibodies are risk markers when present at very high levels, typically above 2 to 3 SD (methods show some variation). This is in contrast to anti-MDA (and anti-PC) and in this study, anti-MDA at very high levels did not show such associations. Instead, anti-MDA was a strong protection marker at the highest decile. Similar results were obtained in SLE in relation to atherosclerosis and vulnerable plaques. 13 Anti-MDA is thus unlikely to have antiphospholipid-like properties, so these must reside in some other component in the lipid or protein moiety of OxLDL. Another explanation to the apparently discrepant data on the role of antibodies to OxLDL-related compounds is the possibility of immune complex formation, which has been reported as a risk marker in CVD. 37 It is interesting to note that ß2GP-I is also implicated in OxLDL immunity, forming complexes with OxLDL, which could induce T-cell activation. 38 Since data on the role of anti-OxLDL (including apoB-100)-related antibodies give discrepant results, we have instead focused on 1 important antigen, the small lipid-related epitope phosphorylcholine (PC) and chose not to use other components of OxLDL including apoB-100, as antigen but instead PC associated by other carriers. PC is exposed and recognized by immune-competent cells both in OxLDL and in infections as parasites and nematodes, among others. 2 We reported for the first time that anti-PC is a protection marker for atherosclerosis development 14 and different types of CVD and also in autoimmune diseases such as rheumatoid arthritis and SLE anti-PC.
2,39
Since MDA is an important small epitope, like PC, and is exposed on OxLDL (but not to the same extent on infectious agents as PC and in oxidative stress and during lipid peroxidation of cell membranes), we chose a strategy where MDA is conjugated with a carrier independent of OxLDL, human albumin, to avoid potential confounders as those discussed. Little is known about the role of antibodies against MDA on other carriers than LDL or LDL-related proteins/ peptides in the development CVD, though 1 recent crosssectional study described differential associations depending on the isotype. 40 Our findings thus gave comparable data for anti-MDA as for anti-PC-low levels associate with high risk, with anti-MDA also being a protection marker at high levels, with a significantly lower risk. 18 These data are also in line with our recent findings, where we reported that IgM anti-MDA is negatively associated with atherosclerosis in SLE. To identify mechanisms that could explain the protective role of IgM anti-MDA, we extracted IgM anti-MDA from total IgM and used FT (containing antibodies not binding to MDA) as a control. We reported that IgM anti-MDA increase macrophage uptake of apoptotic cells and decrease oxidative stress, which could represent underlying mechanisms, not least in SLE. Both IgM anti-PC and IgM anti-MDA were unexpectedly T-cell dependent. 13 The findings presented were recently highlighted in an Editorial. 41 When characterizing and comparing the IgM anti-MDA versus the non-anti-MDA FT profiles using a proteomics-de novo sequencing approach, it was apparent that the profiles were different. As expected, the non-anti-MDA FT samples contained a more heterogeneous mixture of variable regionderived peptides compared to the IgM anti-MDA samples that constituted approximately only 20% of the complexity found in the FT. In addition to the overall significantly (P=0.03) lower abundance of identified lambda chains in the anti-MDA samples, a number of peptides, most prominently 2 peptide pairs assigned to HV CDR3 (P=0.01) and KV CDR2 (P=0.001), were distinctly elevated in anti-MDA IgMs ( Figure 3B ). Considering that polyclonal anti-MDA IgMs are directed to the same antigen, this likely puts restraint on sequence variability; thus, it is not surprising that the anti-MDA IgM is more homologous and less complex in its content compared to the FT. Generally, sequence homology of antigen-specific antibodies has been observed in human diseases. 42 How consistent the herein presented "anti-MDA IgM profile" is on the individual subject level still remains to be answered though.
Significance
Our findings indicate that IgM anti-MDA is a risk marker at lower levels and a protection marker for CVD at the highest levels. Anti-MDA IgM where OxLDL, LDL, or compounds related to it are not carriers of MDA could also be a novel protection marker in men for development of CVD at higher levels of anti-MDA. In the future, raising levels of anti-MDA through immunization could thus be a promising therapeutic possibility.
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